Iranian Journal of Pharmaceutical Research (2011), 10 (2): 329-337 
Received: July 2009 
Accepted: November 2009 



Copyright © 2011 by School of Pharmacy 
Shaheed Beheshti University of Medical Sciences and Health Services 



Original Article 

Spironolactone Inhibits NADPH Oxidase-Induced Oxidative Stress and 
Enhances eNOS in Human Endothelial Cells 

Ashraf Taye^and Henning Morawietz* 

"Department of Pharmacology and Toxicology, Faculty of Pharmacy, Minia University, 
Egypt. b Department of Vascular Endothelium and Microcirculation, Medical Faculty Carl 
Gustav Carus, University of Technology Dresden, Germany. 



Abstract 

Accumulating evidence indicates that aldosterone plays a critical role in the mediation of 
oxidative stress and vascular damage. NADPH oxidase has been recognized as a major source of 
oxidative stress in vasculature. However, the relation between NADPH oxidase in aldosterone - 
mediated oxidative stress in endothelial cells remains to be ascertained. The present study 
aimed to investigate the relevant role of NADPH oxidase in aldosterone induced oxidative 
stress and the functional consequence of this effect on endothelial function. Additionally, we 
attempted to examine the potential role of the mineralocorticoid receptor (MR) antagonist; 
spironolactone (spiro) in this scenario. Human umbilical artery endothelial cells (HUAECs) 
were incubated with aldosterone (100 nmol/L, 24 h) in the absence and presence of Spiro 
(1 umol/L). The results showed that aldosterone significantly increased the protein expression 
of NADPH oxidase subunits (Nox2, p47 phox and p22 phox ) and that spiro markedly inhibited these 
changes. Functionally, this was associated with an elevation in NADPH oxidase activity and 
3-nitrotyrosine (3 -NT) as a biochemical marker of oxidative stress. However, pre-incubation 
with spiro inhibited these consequences. Moreover, MR protein expression was upregulated 
by aldosterone whereas this effect was suppressed by Spiro. While aldosterone effectively 
inhibited endothelial nitric oxide (eNOS) protein expression, pretreatment with spiro markedly 
restored it to its normal level. In conclusion, the results achieved suggest that aldosterone 
may play a critical role in NADPH oxidase-mediated oxidative stress resulting in reduced 
eNOS expression in human endothelial cells. Spiro effectively reversed these consequences, 
suggesting its potential vasculoprotective effect in endothelial dysfunction. 

Keywords: Aldosterone; Spironolactone; Oxidative stress; NADPH oxidase; 
Endothelium. 



Introduction 

Oxidative stress contributes to increased 
cardiovascular morbidity and mortality 
associated with the activation of the renin- 
angiotensin -aldosterone system. Studies in 
cultured cells in-vitro (1) and in rodent models 
in-vivo (2) demonstrated that aldosterone 
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and/or mineralocorticoid receptor (MR) 
activation causes oxidative stress in addition to 
vascular inflammation. Similar to angiotensin 
II, aldosterone can also cause endothelial 
dysfunction (3,4). 

Several mechanisms account for the 
deleterious effects of aldosterone on endothelium 
with one important effect being a decrease in NO 
availability. This decrease may not only involve 
a reduction in NO production but also an increase 
in NO inactivation by reactive oxygen species (5, 
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6). Aldosterone can increase oxidative stress by 
both increasing reactive oxygen species (ROS) 
production and reducing the ROS scavenging 
capacity of the cells. Aldosterone administration 
in uninephrectomized rats treated for 4 weeks 
with dietary 1 % NaCl increased H 2 0 2 production 
by monocytes and lymphocytes (7). Similarly, 
aldosterone administration increased vascular 
superoxide production in normal rats (8). 
Aldosterone-induced ROS has been observed in 
different pathological situations in hypertensive 
animals (9) as well as in two different models of 
atherosclerosis (10). 

On the other hand, several molecular sources 
of endothelial ROS formation have been 
suggested (11, 12). NADPH oxidase complexes 
have been recognized as a major source of 
superoxide anions in endothelial cells (13-15). 
Thees NADPH oxidase complexes contain 
different catalytic NADPH oxidase subunits 
(16). Up to seven NADPH oxidase isoforms have 
been described in different cell types (17). The 
classical NADPH oxidase complex is composed 
of a membrane bound flavocytochrome b 558 
consisting of gp91 phox (Nox2) and p22 phox as 
well as cytosolic subunits (13, 14). Besides the 
gp91 phox /Nox2-containing complex, Nox4 is the 
prominent isoform in endothelial cells (14, 18). 
Nox2 is principally located in the endothelium 
and adventitia and it is essential for the activation 
of this enzyme in response to angiotensin II 
(14). 

Although aldosterone plays a crucial role in 
vascular oxidative stress, its potential mechanism 
with respect to NADPH oxidase activation in 
endothelial cells still remains to be addressed. 
The present study was designed to identify the 
relevant role of NADPH oxidase in aldosterone- 
induced oxidative stress and the functional 
consequence of this effect regarding endothelial 
function. Additionally, we attempted to examine 
the potential role of the MR antagonist; 
spironolactone (spiro) in this setting. 

Experimental 

Cell Culture 

All cell culture reagents and chemicals 
were purchased from Sigma Chemical Co., 
unless indicated otherwise. Primary cultures of 



HUAECs were isolated with collagenase IV and 
cultured in Ml 99 medium (Life Technologies) 
supplemented with 20% (v/v) calf serum, as 
previously described (19).. Confluent cell cultures 
were incubated with endothelium medium with a 
low calf serum 0.5% (v/v) for 24 h.These were 
subsequently treated with aldosterone (100 
nmol/L) in the absence or presence of the MR 
antagonist, spiro (1 umol/L). 

Estimation of NADPH oxidase activity 
NADPH oxidase activity was measured in cells 
by using lucigenin-derived chemiluminescence 
as described previously (20). The formation of a 
reactive oxygen species in response to aldosterone 
(100 nmol/L) was analyzed in HUAEC. The 
endothelial cells were detached, adjusted and 
incubated in white 96-well using trypsin (21). 
Subsequently, cells were transferred to a Krebs- 
Henseleit solution (lOmmol/L glucose, 0.02 
mmol/L Ca-Tritriplex, 25 mmol/L NaHC0 3 , 
1.2 mmol/L KH 2 P0 4 , 120 mmol/L NaCl, 1.6 
mmol/L CaCl 2 -2H 2 0, 1.2 mmol/L MgS0 4 7H 2 0, 
and 5 mmol/L KC1, pH 7.4). Oxygen radical 
production was measured in the absence and 
presence of lucigenin (5 umol/L), NADPH (100 
|umol/L) , apocynin (NADPH oxidase inhibitor; 
10 umol/L), uncoupled eNOS inhibitor, N°- 
nitro-L-arginine methyl ester (L-NAME; 10 
umol/L) and allopurinol (xanthine oxidase 
inhibitor; 10 umol/L), and Spiro (1 umol/L) for 
20 min using a FLUOstar OPTIMA multi-well 
reader (BMG, Offenburg, Germany). Results 
are expressed as relative light units per minute 
per 10 5 cells. In another set of experiments, the 
antioxidant properties of spiro were exa,ined 
using a xanthine/ xanthine oxidase assay. 500 
umol/L of xanthine was added to 1 0 mU/mL of 
xanthine oxidase in the absence and presence 
of a western lightening reagent. Then resulting 
chemiluminescence was measured in the absence 
and presence of a concentration-dependent (0.1, 
1, 10 umol/L) spiro. The validity of the assay 
was performed using a membrane-permeable 
superoxide dismutase (SOD) mimetic. 

Western blot analysis 

Cells were lysed in ice-cold lysis buffer 
containing the following: 20 mmol/L TrisHCl, 
140 mmol/L NaCl, 1 mmol/L EDTA, complete 
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miniprotease inhibitor cocktail, 1% Triton 
X-100, 0.1% SDS (Sodium Dodecyl Sulfate), 
1% sodium deoxycholate, 1 mmol/L NaF, and 
1 mmol/L ortho vanadate, pH 7.8. The protein 
concentration was determined using the BCA 
protein assay reagent (Perbio Science, Bonn, 
Germany). Equal amounts of membrane protein 
(20 jug/lane) were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene 
fluoride membranes (Roth, Karlsruhe, 
Germany). After incubation in blocking solution 
(4% nonfat milk, Sigma), membranes were 
incubated with 1 : 1000 Nox4, p22P hox , p47 phox and 
rabbit polyclonal antibody against MR (1:300) 
(Santa Cruz), Nox2 (upstate Lab), eNOS and 
3- nitrotyrosine (3 -NT) antibodies for 2 hours 
at room temperature. Membranes were washed 
and then incubated with a 1:3000 dilution of the 
second antibody (Amersham Life Science) for 
1 h. The membranes were then detected with the 
enhanced chemiluminescence system (amersham 
life science). To correct for differences in protein 
loading, the membranes were washed and 
reprobed with a 1:1000 dilution of monoclonal 
antibody to human ^-actin (abeam). The relative 
intensities of the protein bands were analyzed 
by a scanner (model Scanmaker 8700, Microtek 
Laboratory) (22). 

Statistical analysis 

Data are expressed as means ± SEM. A one- 
way analysis of variance (ANOVA) followed by 
Tukey's post test was used to assess the presence 
of significant differences (p < 0.05). All the 
statistical analyses were accomplished, using 
the computer software GraphPad Prism 4 for 
Windows (GraphPad Software, USA). 

Results 

Effect of aldosterone on NADPH Oxidase, 
3 -NT and eNOS expressions 

HUAECs stimulated by aldosterone 
(100 nmol/L) for 24 h showed a significant 
upregulation in NADPH oxidase, Nox2 (p < 
0.01, Figure 1A) as well as the cytosolic p47 phox 
(p < 0.05, Figure IB) and membrane subunits 
p22P h0X (p < 0.05, Figure 1C) protein levels 
in comparison with the control. Pretreatment 



with spiro (1 umol/L) significantly (p < 0.05) 
inhibited these changes. Aldosterone did not 
exhibit any significant changes in the Nox4 
protein level. Moreover, stimulation of HUAECs 
with aldosterone significantly increased the 
3 -NT protein level as a marker of oxidative 
stress and this was significantly suppressed by 
preincubation with spiro (1 umol/L) (Figure 
2). On the other hand, aldosterone was found 
to exhibit a marked downregulation in eNOS 
protein expression and Spiro significantly (p < 
0.01) restored it to its normal level (Figure 3). 
Furthermore, preincubation of the HUAECs with 
aldosterone resulted in an upregulation of MR 
expression with Spiro significantly inhibiting 
this response (Figure 4). 

Effect of aldosterone on the NADPH oxidase 
activity 

The stimulation of the HUAECs with 
aldosterone (1 00 nmol/L) for 24 h caused a 2-fold 
increase in NADPH oxidase activity as measured 
by lucigenin-derived chemiluminescence (p < 
0.001). However, pretreatment with Spiro (1 
umol/L) significantly (p < 0.01) inhibited this 
effect (Figure 5 A). It is noteworthy that the 
increase in superoxide anion production measured 
by lucigenin-mediated chemiluminescence was 
significantly inhibited by apocynin and neither 
the xanthine oxidase inhibitor nor the uncoupled 
eNOS inhibitor was able to inhibit the lucigenin 
enhanced chemiluminescence. SOD was able 
to completely inhibit the lucigenin-enhanced 
chemiluminescence, indicating that these 
chemiluminescences are superoxide anion- 
dependent. Regarding testing the antioxidant 
properties of Spiro using xanthine and the 
xanthine oxidase assay, spiro could not inhibit 
the suproxide anions generated by xanthine and 
the xanthine oxidase system. (Figure 5B). 

Discussion 

The present study showed that stimulation 
of the HUAECs with aldosterone resulted in 
a significant elevation of NADPH oxidase 
expression and activity. These changes were 
inhibited by the MR antagonist, spiro. We used a 
100 nmol/L dose of aldosterone which is a close 
approximation to the in vivo situation, particularly 
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Figure 1. Effects of aldosterone (100 nmol/L) on Nox2, p47phox and p22phox protein levels in HUAECs incubated for 24 h in the 
absence or presence of spiro (1 umol/L). 

(A) Aldosterone significantly increased Nox2 protein expression and spiro markedly inhibited upregulation of the Nox2 protein level. 
Quantitative analysis of Nox2 protein expression, normalized with /?-actin, by scanning densitometry. (B) Aldosterone induced the 
p47 phox protein level, this was inhibited on pre-treatment with spiro. Quantitative analysis of the p47 phox protein, normalized with /?-actin, 
respectively, by scanning densitometry. (C) Preincubation of HUACEs with aldosterone resulted in the upregulation of inp22 phox protein 
expression and this was inhibited on pre-treatment with spiro. Quantitative analysis of the p22 phox protein, normalized with /?-actin, 
respectively, by scanning densitometry. Values for each bar are mean ± SEM from 4 separate experiments and expressed as % of control, 
p < 0.05, p < 0.01 versus control or indicated bar. Spiro: Spironolactone. 
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Figure 2. Effects of aldosterone (100 nmol/L) on 3-NT protein 
levels in HUAECs incubated for 24 h in the absence or presence 
of Spiro (1 umol/L). 

Aldosterone produced an elevation in 3-NT protein level and 
spiro (1 umol/L) inhibited. Quantitative analysis of 3-NT 
protein expression, normalized with /?-actin, by scanning 
densitometry. Values for each bar are mean ± SEM from 4 
separate experiments and expressed as % of control, p < 0.05 of 
aldosterones vs control and spiro versus aldosterone. 
Spiro: Spironolactone; 3-NT: 3-nitrotyrosine. 

under hyperaldosteronism conditions. A 
growing body of evidence indicates that ROS 
are implicated in many pathophysiological 
processes including scavenging of endothelium- 
derived nitric oxide (NO) (23), and prevention 
of its protective signaling functions (24, 25). 
Although ROS may derive from mitochondria, 
xanthine oxidase, cyclooxygenase, uncoupled 
NO synthase, heme oxygenases, or peroxidases, it 
has been frequently shown that NADPH oxidases 
are the primary producers of ROS in vascular 
tissues (26, 27). Recent evidence suggests that 
NADPH oxidases, the only known enzyme 
family solely dedicated to ROS production, may 
be a key player. In harmony with this concept, 
we could not detect any significant role of 
xanthine oxidase and uncoupled eNOS in total 
ROS production. As the respective inhibitors, 
allopurinol and L-NAME, did not affect ROS 
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Figure 3. Effects of aldosterone (100 nmol/L) on eNOS 
protein levels in HUAECs incubated for 24 h in the absence or 
presence of spiro (1 umol/L) 

Aldosterone attenuated eNOS protein expression and spiro (1 
umol/L) restored it to the normal level. The eNOS protein level 
was normalized with /?-actin, by scanning densitometry. Values 
for each bar are mean ± SEM from 4 separate experiments 
and expressed as % of control, p < 0.001 of aldosterone 
versus control and p < 0.01 spiro versus aldosterone. Spiro: 
Spironolactone; eNOS: Endothelial nitric oxide synthase. 

signals in HUAECs stimulated by aldosterone. 
In contrast, the NADPH oxidase inhibitor, 
apocynin reduced ROS formation supporting the 
hypothesis that NADPH oxidases are indeed a 
major source of vascular oxidative stress in our 
system model. 

Previous studies have suggested that ROS 
produced by NADPH oxidase mediate many 
angiotensin II effects in the cardiovascular 
system (14, 26). Several reports suggest an 
important role for aldosterone in the regulation 
of NADPH oxidase. Recently, it has been 
reported that aldosterone increases NADPH 
oxidase expression in the vasculature (28). 
Systemic administration of aldosterone increases 
oxidative stress in the heart, vasculature, kidney 
and increases macrophage NADPH oxidase 
(29). In addition, MR activation contributes 
to angiotensin II-mediated activation of 
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Figure 4. Effects of aldosterone (100 nmol/L) on MR protein 
levels in HUAECs incubated for 24 h in the absence or 
presence of Spiro (1 umol/L). 

Preincubation of the HUACEs with aldosterone resulted in an 
increase in MR protein level and spiro (1 umol/L) was able 
to inhibit the aldosterone-induced MR upregulation. Values 
for each bar are mean ± SEM from 4 separate experiments and 
expressed as % of control, p < 0.01 of aldosterone versus control 
and p < 0.05 spiro versus aldosterone. Spiro: Spironolactone; 
MR: Mineralocorticoid receptor 



NADPH oxidase in the heart and aorta (30). 
Furthermore, exogenous aldosterone stimulates 
aortic expression of p22 phox and Nox2 through 
an MR-dependent mechanism and of p47 phox 
mRNA through both an angiotensin type 1 
receptor and MR-dependent mechanisms (31). 
In this regard, the present study demonstrates 
a marked upregulation of Nox2, in contrast 
to Nox4 that did not exhibit any change. 
Accordingly, Nox2 might be considered as 
the relevant isoform involved in aldosterone- 
mediated NADPH oxidase activation. On the 
other hand, the cytosolic component of the 
p47phox com p 0nen t wa s shown to have a pivotal 
role in the regulation of enzymatic activity. It 
has been reported that the hypertensive response 
and production of vascular superoxide was 
markedly blunted in p47 phox knockout mice (32). 
It has been also shown that aldosterone induced 
NADPH oxidase activation and membranous 



translocation of p47 phox in HUAECs (33). 
In this context, the current study shows that 
aldosterone increased the p47 phox protein level. 
Thus, aldosterone can increase ROS production 
in HUAECs by activating NADPH oxidase via 
p47 phox translocational regulation. 

NADPH oxidase catalyzes the one-electron 
reduction of molecular oxygen to a superoxide 
anion which can react with nitric oxide to form 
short-lived peroxynitrite. Peroxynitrite forms 
stable 3 -NT-conjugated protein moieties (24). In 
this context, aldosterone was found to increase 
in the 3NT content as a biochemical marker 
of oxidative stress and this was significantly 
inhibited with pretreatment using spiro, 
supporting a potential role of MR in oxidative 
stress. Spiro was able to inhibit aldosterone- 
mediated NADPH oxidase activation, suggesting 
MR might be considered as upstream of NADPH 
oxidase. Specificity was demonstrated by means 
of the xanthine/xanthine oxidase assay, where 
antioxidative effects and flavoenzyme inhibition 
were excluded. Based on these finding, the present 
study demonstrates that spiro can antagonize 
aldosterone-mediated superoxide production 
and this is attributable to its inhibition of the 
NADPH oxidase enzyme. It has been reported 
that superoxide production reduces nitric oxide 
bioactivity while reducing the expression of nitric 
oxide synthase (34). Evidence of endothelial 
dysfunction was seen in isolated renal artery 
segments and aortic rings from rats exposed to a 
model of excessive MR stimulation. In animals 
treated with spiro, normal endothelial function 
was restored (8, 35). Similarly, in rabbits fed 
a proatherosclerotic diet, treatment with spiro 
normalized superoxide formation and improved 
endothelial function (36). In healthy male 
volunteers, aldosterone has been shown to cause 
acute endothelial dysfunction (37). 

Notably, spiro significantly antagonized 
the inhibitory effect of aldosterone on eNOS 
expression. Importantly, using MR-reactive 
antibodies and western blotting we investigated 
MR protein expression in the HUAECs in 
response to aldosterone. This suggests that MR 
was the main receptor mediating the pro-oxidative 
effect of aldosterone in the current investigations. 
The present findings are in agreement with 
the previous in-vivo study demonstrating 
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Figure 5. Effect of aldosterone on the NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence. 
(A) The HUAECs were preincubated for 24 h with a vehicle or aldosterone (100 nmol/L) in the presence and absence of the MR 
antagonist, spiro (1 umol/L), apocynin (10 umol/L), L-NAME (10 umol/L) and allopurinol (10 umol/L). Aldosterone (100 nmol/L) 
induces an increase in NADPH oxidase activity measured by lucigenin-enhanced chemiluminescence and this was markedly inhibited by 
Spiro and apocynin but not by either L-NAME or allopurinol. (B) Xanthine/ xanthine oxidase assay to examine the antioxidant properties 
of spiro. Spiro could not inhibit the suproxide production generated by the xanthine and xanthine oxidase system. Values for each bar 
are mean ± SEM from 8 separate experiments and expressed as % of control p < 0.01 and p < 0.001 versus control or as indicated bar. 
Spiro: Spironolactone. 



that eplerenone (a specific MR antagonist) 
administration to hypercholesterolemic rabbits 
normalized superoxide generation, decreased 
NADPH oxidase activity to basal levels and 
nearly normalized endothelium-dependent 
vasorelaxation. (10). A recent study showed 
similar inhibition of atherosclerosis when 
eplerenone reduced markers of oxidative stress 
including the ability of macrophages to oxidize 
low density lipoprotein, macrophage superoxide 
anion release and the susceptibility of low density 
lipoprotein to oxidation (38). 

Regarding the mechanism of action 
aldosterone, it has been reported that aldosterone 
binds intracellular MR and translocates it to the 
nucleus, where it binds to its ligand and interacts 
with the regulatory region of target gene 
promoters (39). In contrast, aldosterone might 
have a non-genomic effect within minutes (40). 
Importantly, we could not detect ROS production 
within 2 h of stimulation by aldosterone, it took 



much longer as was previously reported (28, 35). 
However, some reports showed that aldosterone 
induces ROS production through the activation 
of NADPH oxidase within 30 min (41, 42). 
Such a discrepancy might be attributed to using 
different cell types or different experimental 
conditions. 

In conclusion, the present results demonstrate 
that aldosterone stimulates NADPH oxidase- 
mediated oxidative stress thereby reducing eNOS 
expression. In addition, the MR antagonist, spiro 
appears to play a potential role in inhibiting 
these consequences. Thus, the current study 
suggests that NADPH oxidase might act as key 
regulator in aldosterone-mediated oxidative 
stress, thereby reducing eNOS expression. This 
study adds a new dimension to the understanding 
of the role of aldosterone in the activation of 
NADPH oxidase in human endothelial cells and 
supports the notion that aldosterone can induce 
the dysregulation of endothelial cells. This 
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knowledge may lead to novel strategies for the 
prevention of oxidative stress and endothelial 
dysfunction via the blocking of MR. 

Acknowledgment 

I am grateful to all of the technicians in Prof. 
Morawietz 's lab (Faculty of Medicine, Dresden 
University, Germany) for their technical 
assistance in cell culture technology and their 
kind help in achieving this work. 

Source of Funding 

This study was funded by DAAD (German 
Academic for Scientific Exchange) and the 
Ministry of higher education of Egypt. 

References 

(1) Nagata D, Takahashi M, Sawai K, Tagami T, Usui 
T, Shimatsu A, Hirata Y and Naruse M. Molecular 
mechanism of the inhibitory effect of aldosterone on 
endothelial NO synthase activity. Hypertension (2006) 
48: 165-171. 

(2) Leopold JA, Dam bA and Maron BA, Scribner AW, 
Liao R, Handy DE, Stanton RC, Pitt B and Loscalzo J. 
Aldosterone impairs vascular reactivity by decreasing 
glucose-6-phosphate dehydrogenase activity. Nature 
Medicine (2007) 13: 189-197. 

(3) Xavier FE, Aras-Lopez R, Arroyo-Villa I, Campo 
LD, Salaices M, Rossoni LV, Ferrer M and Balfagon 
G. Aldosterone induces endothelial dysfunction in 
resistance arteries from normotensive and hypertensive 
rats by increasing thromboxane A 2 and prostacyclin. 
Br J. Pharmacol. (2008) 154: 1225-1235. 

(4) Davies JI, Band M, Morris A and Struthers AD. 
Spironolactone impairs endothelial function and 
heart rate variability in patients with type 2 diabetes. 
Diabetologia (2004) 47: 1687-1694. 

(5) Edalati fard M, Khatami SMR, Sadeghian S and 
Salari far M. Renal artery stenosis in patients with 
coronary artery disease: the prevalence and risk factors, 
an angiographic study. Daru (2010) 68 :355-364. 

(6) Skott O, Uhrenholt TR, Schjerning J, Hansen PB, 
Rasmussen LE and Jensen BL. Rapid actions of 
aldosterone in vascular health and disease-friend or 
foe? Pharmacol. Ther. (2006) 111: 495-507. 

(7) Ahokas RA, Warrington KJ, Gerling IC, Sun Y, Wodi 
LA, Herring PA, Lu L, Bhattacharya SK, Postlethwaite 
AE and Weber KT. Aldosteronesteronism and 
peripheral blood mononuclear cell activation: a 
neuroendocrine-immune interface. Circ. Res. (2003) 
93: el24-135. 

(8) Iglarz M, Touyz RM, Viel EC, Amiri F and Schiffrin 
EL. Involvement of oxidative stress in the profibrotic 



action of aldosterone. Interaction wtih the renin- 
angiotension system. Am. J. Hypertens. (2004) 17: 
597-603. 

(9) Sanz-Rosa D, Oubina MP, Cediel E, De las Heras N, 
Aragoncillo P, Balfagon G, Cachofeiro V and Lahera 
V. Eplerenone reduces oxidative stress and enhances 
eNOS in SHR: vascular functional and structural 
consequences. Antioxid. Redox Signal (2005) 7: 1294- 
1301. 

(10) Rajagopalan S, Duquaine D, King S, Pitt B and Patel P. 
Mineralocorticoid receptor antagonism in experimental 
atherosclerosis. Circulation (2002) 105: 2212-2216. 

(11) Griendling KK, Sorescu D and Ushio-Fukai M. 
NAD(P)H oxidase, role in cardiovascular biology and 
disease. Circ. Res. (2000) 86: 494-501. 

(12) Jaulmes A, Sansilvestri-Morel P, Rolland-Valognes 
G, Bernhardt F, Gaertner R, Lockhart BP, Cordi A, 
Wierzbicki M, Rupin A and Verbeuren TJ. Nox4 
mediates the expression of plasminogen activator 
inhibitor- 1 via p38 MAPK pathway in cultured human 
endothelial cells. Thromb. Res. (2009) 124: 439-446. 

(13) ones SA, O'Donnell VB, Wood JD, Broughton JP, 
Hughes EJ and Jones OT. Expression of phagocyte 
NADPH oxidase components in human endothelial 
cells. Am. J. Physiol. (1996) 271: H1626-1634. 

(14) Gorlach A, Brandes RP, Nguyen K, Amidi M, 
Dehghani F and Busse R. A gp91phox containing 
NADPH oxidase selectively expressed in endothelial 
cells is a major source of oxygen radical generation in 
the arterial wall. Circ. Res. (2000) 87: 26-32. 

(15) Bayraktutan U, Blayney L and Shah AM. Molecular 
characterization and localization of the NAD(P) 
H oxidase components gp91-phox and p22-phox in 
endothelial cells. Arterioscler. Thromb. Vase. Biol. 
(2000)20: 1903-1911. 

(16) Lambeth JD. NOX enzymes and the biology of reactive 
oxygen. Nat. Rev. Immunol. (2004) 4: 181-189. 

(17) Lambeth JD, Cheng G, Arnold RS and Edens WA. 
Novel homologs of gp91phox. Trends Biochem. Sci. 
(2000) 25:459-461. 

(18) Sorescu D, Weiss D, Lassegue B, Clempus RE, Szocs 
K, Sorescu GP, Valppu L, Quinn MT, Lambeth JD and 
Vega JD. Superoxide production and expression of nox 
family proteins in human atherosclerosis. Circulation 
(2002) 105: 1429-1435. 

(19) Hashikabe Y, Suzuki K, Jojima T, Uchida K and 
Hattori Y. Aldosterone impairs vascular endothelial 
cell function. J. Cardiovasc. Pharmacol. (2006) 47: 
609-613. 

(20) Ungvari Z, Csiszar A, Edwards JG, Kaminski 
PM, Wolin MS, Kaley G and Koller A. Increased 
superoxide production in coronary arteries in 
hyperhomocysteinemia: role of tumor necrosis factor- 
alpha, NAD(P)H oxidase, and inducible nitric oxide 
synthase. Arterioscler. Thromb. Vase. Biol. (2003) 23: 
418-424. 

(21) Stier CT Jr., Chander PN and Rocha R. Aldosterone 
as a mediator in cardiovascular injury. Cardiol. Rev. 
(2002) 10: 97-107. 



336 



Spironolactone Inhibits NADPH Oxidase-Mediated Oxidative Stress 



(22) Smirnova IV, Sawamura T and Goligorsky MS. 
Upregulation of lectin-like oxidized low-density 
lipoprotein receptor- 1 (LOX-1) in endothelial cells by 
nitric oxide deficiency Am. J. Physiol. Renal Physiol. 
(2004) 287: F25-32. 

(23) Didion SP, Ryan MJ, Baumbach GL, Sigmund CD 
and Faraci FM: Superoxide contributes to vascular 
dysfunction in mice that express human renin and 
angiotensinogen. Am. J. Physiol. Heart Circ. Physiol. 
(2002) 283: H1569-1576. 

(24) Beckman JS and Koppenol WH. Nitric oxide, 
superoxide, and peroxynitrite, the good, the bad, and 
ugly. Am. J. Physiol. (1996) 271: C1424-1437. 

(25) Nedvetsky PI, Sessa WC and Schmidt HH. There's NO 
binding like NOS binding, protein-protein interactions 
in NO/cGMP signaling. Proc. Natl. Acad. Sci. USA. 
(2002) 99: 16510-16512. 

(26) Zalba G, Beaumont F J, San Jose G, Fortuno A, Fortuno 
MA, Etayo JC and Diez J. Vascular NADH/NADPH 
oxidase is involved in enhanced superoxide production 
in spontaneously hypertensive rats. Hypertension 
(2000) 35: 1055-1061. 

(27) Carlstrom M, Lai EY, Ma Z, Patzak A, Brown RD and 
Persson AE. Role of NOX2 in the regulation of afferent 
arteriole responsiveness. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. (2009) 296: R72-79. 

(28) Iwashima F, Yoshimoto T, Minami I, Sakurada M, 
Hirono Y and Hirata Y. Aldosterone induce superoxide 
generation via Racl activation in endothelial cells. 
Endocrinology (2008) 149: 1009-1014. 

(29) Keidar S, Kaplan M, Pavlotzky E, Coleman R, Hayek T, 
Hamoud S and Aviram M. Aldosterone administration 
to mice stimulates macrophage NADPH oxidase and 
increases atherosclerosis development: a possible role 
for angiotensin-converting enzyme and the receptors 
for angiotensin II and aldosterone. Circulation (2004) 
109:2213-2220. 

(30) Macdonald JE, Kennedy N and Struthers AD. Effects 
of spironolactone on endothelial function, vascular 
angiotensin converting enzyme activity, and other 
prognostic markers in patients with mild heart failure 
already taking optimal treatment. Heart (2004) 
90:n765-770. 

(31) Hirono Y, Yoshimoto T, Suzuki N, Sugiyama T, 
Sakurada M, Takai S, Kobayashi N, Shichiri M and 
Hirata Y. Angiotensin II receptor type 1 -mediated 
vascular oxidative stress and proinflammatory gene 
expression in aldosterone-induced hypertension: 
the possible role of local renin-angiotensin system. 
Endocrinology (2007) 148: 1688-1696. 

(32) Landmesser U and Drexler H: Chronic heart failure: 
an overview of conventional treatment versus novel 



approaches. Nat. Clin. Pract. Cardiovasc. Med. (2005) 
2: 628-638. 

(33) Nishiyama A, Yao L, Nagai Y, Miyata K, Yoshizumi 
M., Kagami S, Kondo S, Kiyomoto H, Shokoji, T and 
Kimura S. Title???? Hypertension (2004) 43: 841-848. 

(34) Gryglewski RJ, Grodzinska L, Kostka-Trabka E, 
Korbut R, Bieroon K, Goszcz A and Slawinski M. 
Treatment with L-arginine is likely to stimulate 
generation of nitric oxide in patients with peripheral 
arterial obstructive disease. Wien Klin. Wochenschr. 
(1996) 108: 111-116. 

(35) Miyata K, Rahman M, Shokoji T, Nagai Y, Zhang 
GX, Sun GP, Kimura S, Yukimura T, Kiyomoto H and 
Kohno M. Aldosterone stimulates reactive oxygen 
species production through activation of NADPH 
oxidase in rat mesangial cells. J. Am. Soc. Nephrol. 
(2005) 16: 2906-2912. 

(36) Suzuki J, Iwai M, Mogi M, Oshita A, Yoshii T, Higaki J 
and Horiuchi M. Eplerenone with valsartan effectively 
reduces atherosclerotic lesion by attenuation of 
oxidative stress and inflammation. Arterioscler. 
Thromb. Vase. Biol. (2006) 26: 917-921. 

(37) Park JB and Schiffrin EL. ET(A) receptor antagonist 
prevents blood pressure elevation and vascular 
remodeling in aldosterone-infused rats. Hypertension 
(2001) 37: 1444-1449. 

(38) Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, 
Schutz G, Umesono K, Blumberg B, Kastner P, Mark 
M, Chambon P and Evans RM. The nuclear receptor 
superfamily, the second decade. Cell (1995) 83: 
835-839. 

(39) Keidar S, Hayek T, Kaplan M, Pavlotzky E, Hamoud S, 
Coleman R and Aviram M. J. Cardiovasc. Pharmacol. 
(2003)41: 955-963. 

(40) Christ M, Douwes K, Eisen C, Bechtner G, Theisen 
K and Wehling M. Rapid effects of aldosterone on 
sodium transport in vascular smooth muscle cells. 
Hypertension (1995) 25: 117-123. 

(41) Rude MK, Duhaney TA, Kuster GM, Judge S, Heo 
J, Colucci WS, Siwik DA and Sam F. Aldosterone 
stimulates matrix metalloproteinases and reactive 
oxygen species in adult rat ventricular cardiomyocytes. 
Hypertension (2005) 46: 555-561. 

(42) Hayashi H, Kobara M, Abe M, Tanaka N, Gouda 
E, Toba H, Yamada H, Tatsumi T, Nakata T and 
Matsubara H. Aldosterone nongenomically produces 
NADPH oxidase-dependent reactive oxygen species 
and induces myocyte apoptosis. Hypertens. Res. 
(2008) 31:363-375. 

This article is available online at http://www.ijpr.ir 



337 



